Motivation: Pairwise relatedness plays an important role in a range of genetic research fields. However, currently only few estimators exist for individuals that are admixed, i.e. have ancestry from more than one population, and these estimators fail in some situations.
INTRODUCTION
Genetic relatedness between pairs of individuals plays an important role within several fields of genetic research including forensic and medical genetics. For example, most genome-wide association studies are based on the assumption that all individuals analyzed are unrelated and if related individuals are not removed or controlled for they can lead to highly inflated false-positive rates. Relatedness between a pair of individuals is usually described using the concept of identity-by-descent (IBD), which is genetic identity due to recent common ancestry. More specifically relatedness between two non-inbred individuals is often described by the fractions, k 0 , k 1 and k 2 , of the genome in which the two individuals share 0, 1 or 2 alleles IBD, respectively. Further, relatedness is sometimes summarized as the coefficient of relatedness r or the kinship coefficient ¼ r=2, which can both be calculated from k 0 , k 1 and k 2 as r ¼ k 1 =2 þ k 2 .
There are numerous estimators for k 0 , k 1 , k 2 , r and based on genetic data from individuals whose potential family relations are unknown, both method of moments estimators (Purcell et al., 2007; Ritland, 1996) and maximum likelihood (ML) estimators (Milligan, 2003; Thompson, 1975) . Additionally, there are several hidden Markov model-based methods that estimate IBD sharing locally along the genome (e.g. Albrechtsen et al., 2009) , which if applied to whole genomes also provide relatedness estimates. However, all of these estimators are based on an assumption that the analyzed individuals are from a homogeneous population, and it has been shown that when this assumption is violated it can lead to a marked misestimation of their relatedness (Rohlfs et al., 2012; Thornton et al., 2012) . Motivated by this, Thornton et al. (2012) recently proposed a method of moments estimator for pairwise relatedness in admixed populations, implemented in the software REAP and an estimator for the kinship coefficient in structured populations was included in the software KING (Manichaikul et al., 2010) . Here we present a new ML-based software tool, RelateAdmix, for estimating k 0 , k 1 and k 2 from single nucleotide polymorphism data, estimated admixture proportions and allele frequencies assuming no inbreeding. We obtain more accurate results than both REAP, KING and the often used software Plink (Purcell et al., 2007) , which does not take admixture into account.
METHOD
Assuming we have genotype data from M diallelic loci from two noninbred individuals, ind1 and ind2, with ancestry from K source populations, we let
K Þ denote their ancestry/admixture proportions and R ¼ ðk 0 , k 1 , k 2 Þ denote the fractions in which ind1 and ind2 share 0, 1 and 2 alleles IBD. Using this notation, our goal is to estimate R from G 
where for each locus z 1 indicates whether allele 1 in ind1 and ind2 are IBD, z 2 indicates whether allele 2 in ind1 and ind2 are IBD and a ¼ ða Figure 1 . Note that for convenience, we have restricted the IBD sharing patterns in the sense that allele 1 of ind1 can only be IBD with allele 1 of ind2, and allele 2 of ind1 can only be IBD with allele 2 of ind2. Because we sum over all values of a and we do not fix the allelic values of the specific alleles, this leads to the same likelihood as if we had not restricted the IBD sharing patterns. The three terms in the aforementioned likelihood are given in the supplementary data. The ML solution is found using an Expectation-Maximization algorithm (see Supplementary Data) which is accelerated using the squared iterative method S3 (Varadhan and Roland, 2008) .
RESULTS AND DISCUSSION
To assess RelateAdmix, we simulated data and applied the tools RelateAdmix, REAP, KING and Plink. Using allele frequencies from 104 290 single nucleotide polymorphisms from a HapMap phase 3 European and African population, we simulated 1600 individuals with different relationships and varying degree of admixture (see Supplementary Data for details). We then used the software Admixture (Alexander et al., 2009) to estimate admixture proportions for all the individuals and allele frequencies for the two populations and used these estimates and the genetic data as input to RelateAdmix and REAP. For Plink and KING, we only used the genetic data as input. Finally, we used RelateAdmix, REAP and Plink to estimate R between all pairs of individuals, in total 1 279 200 pairs, see Figure 2 . Additional plots of the kinship coefficient, also including a plot for KING, which provides estimates of the kinship coefficient but not R, are shown in the Supplementary Material. The results show that based on R all the methods can identify the closely related individuals, but that Plink and REAP have problems separating the unrelated individuals from the more distantly related individuals. Based on the kinship estimates both REAP and RelateAdmix can distinguish all relationships, whereas Plink and KING still have problems. The results also show that RelateAdmix gives more accurate R estimates for all relationships.
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